Using a partial equilibrium model that allows for factor hoarding, I construct series on input utilization rates for ten OECD countries. These series are used in growth accounting computations of total factor productivity which …lter out cyclical variations in input utilization rates. The main …ndings are as follows: (i) adjusted Solow residuals grow consistently faster than standard measures, (ii) the variability of the adjusted Solow residual is in some cases smaller than the standard residual's, (iii) adjusted Solow residuals are less procyclical than standard residuals, and fare better at usual exogeneity tests, (iv) supply shocks are no more symmetric between European countries than elsewhere, (v) observed increased output symmetry in Europe is due to demand factors. JEL Classi…cation Numbers: O47, F41, E32.
Introduction
The standard practice of identifying technological progress to the Solow residual, a measure of the changes in output not accounted for by changes in inputs, is what led Abramovitz (1956) to call technology a "measure of our ignorance". However, this measure is central to a wide range of empirical analyses both in a closed and open economy context. In particular, the growth rate of the Solow residual is often taken to be indicative of the extent of technological progress. In the Real Business Cycle literature, the residual is commonly taken as the empirical counterpart to the exogenous technology shocks assumed to drive the ‡uctuations of the economy. Starting with Hall (1990) and Gordon (1990) , the observed procyclicality of the Solow residual has been argued to stem either from the presence of increasing returns to scale in aggregate production 1 , or from procyclical measurement error, exempli…ed by the failure to correct for inputs utilization in the computation of Solow residuals 2 . In open economy models, bilateral correlations of productivity measures indicate how structurally synchronized two economies are, and thus help identifying the driving forces to the international business cycle.
The purpose of this paper is to cast new evidence on these issues by improving on the standard computations of the Solow residual. These typically assume production to be derived from measured inputs, namely capital stock and hours worked, rather than from input services, for which no direct data is available. Implicit in this procedure is the assumption that measured inputs vary proportionately with input services. There is however clear evidence against this: keeping in mind that they probably contain measurement error 3 , it is possible to use the series on capital utilization provided by the OECD to approximate capital services by the capital stock multiplied by its utilization rate. With this proxy, the correlation between growth in capital services and in capital stock is 0.12 in the US. Similarly the correlation between labor services, proxied by measures of overtime, and employment is 0.48. While the fact that these approximations are inaccurate is indisputable, it is hard to see how the assumption that input services are proportional to input stocks can be reconciled with the low observed correlation. Input utilization seems to behave independently of standard measures of input stocks, and standard computations of the Solow residual fail to …lter this independent behavior, assigning it to ‡uctuations in technology. Hence the need for adjusted Solow residuals. This paper constructs adjusted residuals for ten OECD countries using a partial equilibrium version of Burnside and Eichenbaum (1996) and new quarterly data on hours worked. In the model, because of costs speci…c to each margin of adjustment, the utilization rates of inputs -capital utilization and labor e¤ort-are chosen optimally by the representative …rm in a way that gives rise to restrictions relating unobservable input utilization to observable variables. The cost of capital utilization is modeled as faster depreciation, and increasing labor e¤ort requires the payment of a higher wage to compensate workers for the disutility of harder work. Since the key issue is to come up with series on capital utilization and labor e¤ort, all that is needed from the model are restrictions su¢cient to back out utilization rates as functions of other observable variables and certain estimable parameters. While general equilibrium models akin to Burnside and Eichenbaum (1996) give rise to such restrictions, they are closed economy models. Extending them to a multi-country general equilibrium framework as would be necessary for the present cross-country study, would require taking a stance on the economic linkages between countries, which may in ‡uence the resulting measures of technology. The partial equilibrium strategy permits to bypass this issue as well as other details of a general equilibrium model that are not important for the issue at stake.
Partial equilibrium models have been used extensively in the literature on productivity measurement, and have focused on industry level analyses. Basu and Kimball (1995) construct a cost-minimization model with increasing returns to scale to generate adjusted Solow residuals at the industry level, and …nd that observed procyclicality of productivity is an artifact of cyclical utilization of inputs rather than of increasing returns. Burnside, Eichenbaum and Rebelo (1995) implement a similar framework, using industry electricity consumption and data on the workweek of capital as proxies for capital utilization, and establish the importance of cyclical variations in capital utilization in explaining procyclical productivity. Sbordone (1995) models labor hoarding with convex costs of adjusting labor, and stresses variations in labor e¤ort as the culprit for the observed cyclical behavior of total factor productivity at the industry level. Finally, in one of the few cross-country analyses of the issue, Costello (1993) approximates capital utilization by electricity consumption for a subset of OECD countries and …nds that industrial technological progress is more correlated across industries within one country than across countries for one industry.
The main results of the paper can be summarized as follows. First, in nine out of ten countries growth rates of technological progress are larger once input utilization rates are controlled for. There is no common culprit for this result: in some countries, capital services appear to grow slower than measured capital stocks, whereas in others it is labor e¤ort that displays a downward trend. Second, in half the countries the adjusted Solow residual is less volatile than the standard measure. Consistent with this is the …nding that correlations between productivity growth and employment growth decrease substantially -and are negative-when factor hoarding is accounted for. Models with monopolistic competition, labor hoarding and nominal rigidities, where technological progress actually drives employment down 4 …nd support in this negative correlation. Third, in all ten countries adjusted residuals are found to be substantially less procyclical than standard series. Moreover, while usual technology measures are signi…cantly Granger-caused by monetary, price and government spending variables, adjusted series are found to be Granger-caused merely by monetary variables, which arguably could obtain even with a true measure of exogenous technological change. Finally, bilateral correlations of adjusted residuals do not come out any higher between European countries than elsewhere. Thus, the observed increase in bilateral output correlations in Europe is due mainly to demand factors.
The paper is organized as follows. Section 2 presents the model and methodology. Section 3 discusses the closed economy results and section 4 presents the cross-country results. Section 5 argues that the results are robust to alternative speci…cations. Section 6 concludes. The appendix describes data sources. 4 See Gali (1996) 2 Model and Methodology
Model
The model is a partial equilibrium version of Burnside and Eichenbaum (1996) . It is assumed that the aggregate technology for producing goods is a constant returns to scale function of e¤ective capital and labor services, as in the following:
where Y t is the aggregate output, K t the aggregate capital stock and N t employment or hours worked, depending on data availability. E¤ective labor input is de…ned as labor e¤ort e t times total hours of work, and e¤ective capital services are de…ned as the capital utilization rate u t times the stock of capital. X t is total factor productivity corrected for inputs utilization, the adjusted Solow residual. Following Burnside and Eichenbaum (1996) , the rate ± t at which capital depreciates is assumed to be a function of the capital utilization rate:
( 1) where Á > 1. Thus, the utilization rate of capital becomes a choice variable in the …rm's problem
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. Following Jorgenson (1963), …rms rent capital at a rate that includes both the interest rate r t and the depreciation ± t induced by its use. Here, depreciation is variable, so that we assume the existence of contracts between …rms and capital owners with the rental cost contingent on the utilization rate, observable to capital owners.
Turning to e¤ective labor input, the presence of both labor e¤ort and hours worked in the production function demands that they be di¤erentiated in terms of the costs they entail. This is done by assuming as in Burnside, Eichenbaum and Rebelo (1993) that e¤ort can be adjusted instantaneously against payment of a higher wage, whereas employment is set one period ahead and cannot vary within the period. In e¤ect, employment is predetermined, and …rms choose a level of e¤ort taking as given a wage schedule relating labor cost to e¤ort. It is the empirical purpose of this theoretical construct that makes the assumption extreme. In theory, all that is needed are labor contracts and periods short enough to make it in…nitely more costly to adjust employment than to adjust e¤ort within the period. Here, the empirical analysis is quarterly, and so should the contracts be. Section 5 presents results using alternative speci…cations and argues that relaxing this assumption does not improve the results.
When entering a period, …rms choose how much labor N t they want to hire, keeping in mind that they will be able to adjust instantaneously labor e¤ort e t , utilization u t and capital stock K t in response to shocks. Thus, the …rm's optimization problem can be written:
which yields the following necessary …rst-order conditions:
where w(e t ) denotes the wage schedule, re ‡ecting agents' disutility of increased e¤ort. As in Basu and Kimball (1995) the focus is on the intra-temporal conditions associated with minimizing costs. Inter-temporal pro…t maximization is irrelevant to the purpose of backing out restrictions on inputs utilization 6 . Given a wage schedule w(e t ) and a value for ®, equation (2) gives a relation between unobservable e¤ort and observable variables. Given a value for ± and Á, equation (3) similarly gives a way of constructing series on capital utilization.
Capital Utilization
O¢cial series on capital stocks are typically constructed by assuming the following capital accumulation rule:
The initial capital stock is often determined using the perpetual inventory method, and depreciation is assumed constant 7 . This is a problem when modeling capital underutilization as resulting from increased depreciation, since then depreciation cannot be assumed constant anymore. The issue is tackled as in Burnside and Eichenbaum (1996) .
Combining (3) and (4) 
Assuming r t and ± t stationary and taking expectations,
, where ¹ r´E ( r t ) and ¹ ±´E ( ± t ). Note that Á > 1, so that depreciation is a convex function of utilization. Under the additional assumption that factor shares are constant,
Finally, since the present analysis involves growth rates only, u t may be normalized so that E ³ u Á t´= 1, and thus ± = ¹ ±. Rearranging (3) then yields
where Y K is the average output-capital ratio. Thus, capital utilization is high when the output-capital ratio is higher than its average value 8 . Given the o¢cial data on capital stock and output, and values for ¹ r and ¹ ±, it is possible to construct a series {u t }. Using (1) and an initial value for ¹ ±, this series gives rise to a simulated variable depreciation series {± t }, which can be used recursively along with o¢cial investment data to construct an alternative capital stock series allowing for variable depreciation 9 . This alternative capital series can in turn be used to generate a value for ¹ ±, thereby initiating an iterating procedure. The true capital series is reached when two successive values for ¹ ± cease to di¤er 10 . It is then used in (5) along with the corresponding value for ¹ ± to compute series on capital utilization. The benchmark case corresponds to ¹ r = 4% p.a., and is subjected to a sensitivity analysis in section 5.
Labor E¤ort
Equation (2) can be used to construct labor e¤ort. However, (2) involves the wage schedule w(e t ), which must be determined by a utility maximization problem. The household's objective function ought to di¤erentiate the disutility of working harder from the disutility of working more hours, so that the two margins should not become observationally equivalent from the household's perspective 11 . In fact, using observations on the responses of output per shift to changes in the wage rate among a group of British nineteenth century miners, Treble (1996) provides evidence that e¤ort adjustments actually dominated hours responses. Insofar as the two margins appear to entail di¤erent costs, it seems reasonably plausible to assume preferences additively separable in labor and e¤ort, and the representative households is then faced with the following problem:
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, where s t is the household's assets holdings at time t, q t is the assets price and d t is the dividend paid at the end of period t. Maximizing utility with respect to e¤ort yields
A positive value for Ã implies that hourly wage is a convex function of e¤ort. Using this expression back in (2) gives:
Given a value for Ã, (7) gives a relation that determines labor e¤ort from observables. Assuming that zero e¤ort implies zero wage, integrating (6) yields
, which combined with (7), requires that:
Given ®, and assuming that w(e t ) is observed at least on average, this can be used to estimate Ã and therefore completes the determination of inputs utilization series.
3 Utilization Rates and Adjusted Solow Residuals Table 1 reports summary statistics corresponding to ¹ r = 4% p.a. Section 5 discusses the robustness of the results to alternative values of ¹ r. [TABLE 1 APPROXIMATELY HERE] Ã is found to be positive in all countries, and thus the wage schedule is always convex in e¤ort. Moreover, a low value for Ã implies that the e¤ort margin is relatively cheap, and should therefore be associated with high volatility of e¤ort and low volatility of capital utilization, as is the case for Italy, Germany or the UK. The labor elasticities of output ® are estimated within the usual interval. In most cases, both input utilization growth rates are more volatile than changes in input stocks 12 . When the labor stock is measured using a measure of hours worked where available, labor e¤ort is hardly ever more volatile that labor stock, an encouraging result given the treatment imposed on the theoretical …rm, assumed unable to choose how many hours to employ within the period and thus likely to have implausible recourse to the intensive margin 13 . 12 In Italy, capital utilization is less volatile than capital stock, because of the unusually smooth capital-output ratio in this country. 13 Measures of hours worked include overtime or part-time labor. There is no a priori reason why e¤ort ought to be more volatile than these.
However, when a measure of employment is used instead, e¤ort comes out more volatile in all but two countries, a sign that adjusting e¤ort remains cheaper than hiring or …ring.
The last two columns report the correlations between simulated and o¢cial capital utilizations series, and between simulated utilization and e¤ort series, respectively. Simulated capital utilization is everywhere positively correlated with o¢cial computations, with coe¢cients ranging from 0.18 in Australia to 0.65 in Canada and 0.75 in the US. This last result was to be expected given that both the Bank of Canada and the Fed include deviations of the output-capital ratio from its average value in their computations of the o¢cial utilization rates 14 . Finally, correlations between simulated capital utilization and e¤ort series are found to be systematically positive, which insures that the results generated by the present model will not contradict models where capital utilization is fully determined by the available labor input, as in Bils and Cho (1994) .
Growth and Volatility
Surprising though it may seem, on average capital utilization as reported by the OECD for the US displays a mild downward trend of 0.03% per quarter 15 . While this evidence is subject to already mentioned data related reservations, it implies that the growth rate of technology as measured by the standard Solow residual is understated, for it includes the decreased use of capital -and potentially of labor-and labels it productivity slowdown. The model supports this surprising feature of the data: Table 2 presents a comparison between growth rates of technology over 1970:1 -1993:4 as implied by standard Total Factor Productivity (TFP) computations and by Adjusted Solow Residuals. Except for Spain, adjusted measures grow substantially faster. This points to measurement error as one of the potential explanations for the sudden decrease in measured productivity that developed countries are argued to have experienced in the last two decades. Furthermore, Table 2 presents a decomposition of g X ¡ g T F P into the contribution of a -trend-diminishing capital utilization rate and of a -trend-diminishing labor e¤ort rate. The results are mixed: while technology in Australia, Japan and the US unambiguously grow faster because of diminished capital utilization, the culprit in Italy, France and to a lesser extent Switzerland, is diminished labor e¤ort. For the rest of the sample, both utilization rates have diminished through the period and contributed equally to higher technology growth. [TABLE 2 APPROXIMATELY HERE] To the extent that it is purged from the volatility in input utilization, one would expect an adjusted Solow residual to display a lower volatility than the standard residual. The second half of Paquet and Robidoux (1997) 15 A downward trend can also be observed in the data for Germany, Canada and Australia. volatility of TFP growth is in the vicinity of 1% per quarter for all countries, as in the literature, correcting for input utilization does not result systematically in a lower volatility. In half the countries, adjusted Solow residuals are more volatile than TFP. This points to a robust negative correlation between measured inputs N and K and their respective utilization rates 16 . The last two columns in Table 2 con…rm however that input utilization as a whole is procyclical, since ½ ( dT F P; dN ) is almost always larger than ½ ( dX; dN ). True technology is thus less correlated -indeed, negatively-with employment, a …nding consistent with general equilibrium models with monopolistic competition, labor hoarding and nominal rigidities, as Gali (1996) , where positive technology shocks lead to decreases in employment 17 .
Exogenous Technology
Gordon (1990) shows that the measurement error required to explain all of the observed procyclicality of the standard Solow residual needs not be substantial, and an obvious candidate is unaccounted procyclicality in factor utilization. Starting with Hall (1990) , an alternative explanation for the apparent procyclicality of Solow residuals has been the existence of increasing returns to scale in production, in which case the economy becomes endogenously more productive by moving to higher levels of activity. In Hall's view, adjusted Solow residuals should remain signi…cantly procyclical. Table 3 reports contemporaneous correlations of the two residuals with output growth. Procyclicality of productivity measured by these correlations unambiguously decreases in all countries when correcting for input utilization. On average, the measure halves; it falls by 70% in the US and by a third in the United Kingdom. Thus, inputs utilization is indeed an important contributor to the observed procyclicality of standard TFP; however, adjusted residuals remain procyclical, if mildly, potentially a result of increasing returns in production. [TABLE 3 APPROXIMATELY HERE] Hall (1990) proposes an exogeneity test that regresses technological innovations on various demand variables, and proceeds to argue that the signi…cant coe¢cient estimates he obtains show that technology is not exogenous. However, the apparent response of technology to shocks that would be innocuous under constant returns to scale could stem from the response of inputs utilization. The question is whether technology continues to be a¤ected by demand variables once utilization rates are eliminated from the residual, and it is addressed in the second half of Table 3 . The following regressions are estimated for each country i:
where the ® j 's are meant to correct for international technology transmission, and the¯'s and°'s investigate if technology is Granger-caused by monetary variables, and price and government spending, respectively. As expected, in all countries -except Canada-TFP is Granger-caused by at least one demand variable 18 . Adjusting for utilization rates, the picture becomes more complex: coe¢cients remain insigni…cant in Canada, but now this is also the case in Germany, Spain, Switzerland, and almost Japan. More importantly, the null hypothesis that°1 =°2 = 0 can hardly ever be rejected with adjusted measures, and the weight of causality seems to have shifted on monetary variables, as is particularly striking in the US. Whereas it is hard to see how an exogenous technology could be in ‡uenced by price changes or government spending, the task becomes somewhat easier when monetary variables come out signi…cantly. In light of the high serial correlation in technology shocks, an in ‡ation-targeting Central Bank would indeed ease the money as soon as signs of a productivity boom start to appear, leading to the -observed-result that¯1 > 0 and¯2 < 0. Note that this happens particularly in in ‡ation-targeting countries, such as the US, Japan and Germany
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. Thus the estimates are not inconsistent with an exogenous technological process. Table 4 reports average bilateral correlations of the residuals and of output over di¤erent time periods and for various subsets of countries. Several observations are in order. First, on average adjusted residuals are less correlated than TFP between European countries, where input utilization rates are therefore synchronized. The opposite is true between non-European countries, where utilization is therefore idiosyncratic. Thus, it is outside of Europe that international co‡uctuations are best explained by technological co-movements, for it is there that the discrepancy is smallest 20 . Moreover, TFP correlations point to highest symmetry of supply shocks within a European core 21 , and lowest between non-European countries. The opposite is true once utilization rates are purged of the residual: shocks in countries of a European core then become least symmetric; symmetry of shocks was merely symmetry in utilization rates. [TABLE 4 APPROXIMATELY HERE] Second, correlations of supply shocks in the whole sample of the G10 decrease over time regardless of the measure chosen. In Europe (and outside Europe), average correlations are hump-shaped over time, highest in the early eighties and lowest in the most recent period. In Europe, correlations of outputs are actually U-shaped and highest in the most recent period, an indication that output symmetry in Europe is not due to a structural synchronization of the economies, but to other -demand-factors.
Evidence across countries
5 Sensitivity Analysis
Predetermined Labor
The cost minimization problem faced by the …rm assumed that the stock of labor is predetermined within the period, which would happen if employment decisions were hindered by the presence of labor contracts preventing immediate adjustment of hours hired. Using a measure of overtime as a proxy for labor services to compute adjusted residuals, this section argues that this is not too extreme an assumption: if it were, simulated e¤ort would come out more volatile than its proxy, since it is the only margin available to the theoretical …rm to adjust labor input within the period. In the US
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, simulated labor services remain roughly four times less volatile than overtime, and the two variables are positively correlated (½ = 0:45). In spite of the higher volatility of overtime, the adjusted residual computed using the proxy is actually much more volatile than TFP (3.30% vs. 0.78% per quarter), quite implausibly so. It is also signi…cantly correlated contemporaneously with output (½ = ¡0:40), and remains Grangercaused by price level and government spending. Thus, assuming rigid labor contracts generates a measure of technology whose properties are more plausible than using available proxy; moreover, the simulated e¤ort series remains reasonably smooth.
Choice of ¹ r
This section explores the robustness of the previous results to alternative values of ¹ r, a parameter that governs the relative costs of the two intensive margins, and argues that the main results carry through for ¹ r = 6% and ¹ r = 2%. 
Conclusion
This paper uses a simple cost-minimization problem to generate series on intensive use of inputs, which are included in a standard growth accounting exercise to generate measures of technology corrected for inputs utilization. A number of standard results are substantially modi…ed when investigated using adjusted technology measures: adjusted Solow residuals grow faster and behave more as an exogenous process ought to. They become less volatile in half the cases, and their correlation with employment becomes highly negative. Adjusted residuals are not more correlated in Europe than elsewhere, thus pointing to demand factors as the culprits for increased output symmetry in Europe. These modi…-cations are robust to alternative speci…cations. 
